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raphy and microhardness measurements are scarce but 
have shown some correlation [Featherstone et al., 1983; 
Kielbassa et al., 1999]. The equations for relating micro-
hardness to mineral content provided in these studies 
differed notably. This indicates that calculation of min-
eral content from microhardness may not be reliable. So 
far, no comparison has been made for enamel caries be-
tween hardness derived from nanoindentation and min-
eral content from microradiography. It was the aim of 
this study to compare nanohardness with mineral con-
tent and discuss the reliability of using hardness values to 
calculate mineral content.
 Materials and Methods 
 Specimen Preparation 
 One cylindrical specimen (3 mm diameter) was prepared from 
each of 16 bovine incisors. The enamel surfaces were ground flat 
with SiC paper and polished up to FEPA P4000 under continuous 
water-cooling, thereby removing the outer 200   m. Two strips of 
adhesive tape (Tesa, Beiersdorf, Hamburg, Germany) were ap-
plied parallel to each other on the surface, leaving a 1-mm-wide 
window. The specimens were immersed in 1 litre of unstirred 
acidic buffer at 37 ° C for 6 days in order to create artificial caries-
like lesions. This solution contained 3 mmol/l CaCl 2  ! 2 H 2 O, 
3 mmol/l KH 2 PO 4 , 50 mmol/l C 2 H 5 COOH, 6   mol/l methyl-
diphosphonate, amounts of KOH to adjust the initial pH to 5.0 
and traces of thymol [Buskes et al., 1985].
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 Abstract 
 The aim of this study was to compare cross-sectional nano-
hardness, measured using an ultra-microindentation sys-
tem, with mineral content, from transversal microradiogra-
phy, of artificial enamel caries lesions. Sections (85  8 10   m) 
from 16 bovine enamel samples with artificial caries were 
prepared. The mineral content and cross-sectional nano-
hardness at known depths from the surface were compared. 
Both methods showed lesion profiles with a surface layer. 
The determination of nanohardness seems limited to lesions 
with a mineral content  1 45 vol%. There was a moderate lin-
ear relationship between mineral content and the square 
root of nanohardness (R 2 = 0.81). It was concluded that the 
conversion of cross-sectional hardness into mineral content 
remains questionable and cannot be recommended.  
Copyright © 2008 S. Karger AG, Basel 
 Depth-related properties of enamel caries lesions can 
be described in vitro, for example by X-ray attenuation 
(mineral content profiles) and mechanical characteristics 
(hardness profiles). Comparative data from microradiog-
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 Transversal Microradiography (TMR) 
 A section was cut with a diamond band saw perpendicular to 
the exposed surface of the specimens and polished parallel from 
both cut sides with SiC paper up to FEPA P4000 under continuous 
water-cooling to a thickness of 85  8 10   m. The sections were 
allowed to dry under ambient conditions. A semi-contact micro-
radiograph of each section together with an aluminium calibra-
tion step wedge with 14 steps was taken. High-speed holographic 
film (SO 253, Kodak AG, Stuttgart, Germany) was exposed with 
Ni-filtered quasi-monochromatic Cu K    X-rays (  = 0.154 nm) 
from a 1  ! 10 mm focus X-ray tube (PW2233/20, Philips/Pana-
lytical, Kassel, Germany) at 20 kV and 20 mA (PW 3830 generator, 
Philips/Panalytical) for 12 s. The film-focus distance was 40 cm. 
The developed film was analyzed using a transmitted light micro-
scope with a  ! 20 objective (Axioplan, Zeiss, Oberkochen, Ger-
many) with a CCD camera (XC-77CE, Sony, Tokyo, Japan) and 
a PC with framegrabber and data acquisition and calculation 
software (TMR 1.25e, Inspector Research BV, Amsterdam, The 
Netherlands). The mineral content (vol%) was calculated from 
film transmission as a function of specimen depth. The film 
transmission was measured from the specimen surface towards 
the deeper enamel within a 350-  m-wide window. The analogue 
signal from the CCD camera was digitized by a framegrabber 
(Flashpoint 3D, Integral Technologies, Indianapolis, Ind., USA). 
The microscope-transmitted light intensity was adjusted so that 
the pixel grey value resolution of 8 bit could be fully used. The 
mineral content was calculated from the specimen grey levels us-
ing the formula of Angmar et al. [1963], assuming the density of 
the mineral to be 3.15 kg/l. Calculations used Cu K    line linear 
attenuation coefficients of 13.13  ! 10 3 m –1 (aluminium), 1.13  ! 
10 3 m –1 (organic matter/water) [Angmar et al., 1963; de Josselin 
de Jong et al., 1987] and 26.26  ! 10 3 m –1 calculated as suggested 
elsewhere [Angmar et al., 1963; de Josselin de Jong et al., 1987] by 
using crystallographic properties of hydroxyapatite and respec-
tive atomic absorption coefficients [International tables for X-ray 
crystallography, 1962; Young and Brown, 1982]. The film grey 
values were related to the corresponding aluminium thickness by 
scanning the step wedge area and fitting a fourth-degree polyno-
mial through the data points. To use Angmar’s formula, the spec-
imen thickness is also required. It is difficult to reliably measure 
the thickness of thin enamel sections by mechanical means. 
Therefore, the enamel thickness was calculated from the grey val-
ues within the sound area of the section, and the mineral content 
was assumed to be 87 vol% [Angmar et al., 1963; de Josselin de 
Jong et al., 1987]. In order to allow for direct comparison of the 
TMR data with data from nanoindentation, the mineral content 
was considered only at steps of 10   m from 10 to 160   m dis-
tant from the specimen surface, which are the depths where the 
nanoindentations were placed (see below). The mineral content 
was averaged from 5 measurement points 1   m apart at the depth 
in question to cover a field of similar width as with the nanoin-
dentation, e.g. the mineral content at 10   m was averaged from 8, 
9, 10, 11 and 12   m.
 Nanoindentation 
 The same samples used for microradiography were mounted 
on a glass Petri dish using sticky wax. A load and displacement 
sensing indentation system (Ultra Micro-Indentation System, 
UMIS-2000, CSIRO, Sydney, Australia) with a 3-sided pyramidal 
diamond (Berkovich) indenter was used. The indenter contact 
area versus depth was calibrated using fused silica [Oliver and 
Pharr, 1992]. Three indentation lines 100   m apart were carried 
out in the same demineralized area as TMR was measured. The 
first indentation of each line was set 10   m below the enamel sur-
face. The subsequent indentations had a spacing of 10   m so that 
the first 10–160   m below the enamel surface were assessed. The 
maximal force applied was set at 20 mN. The load function con-
sisted of a ‘square root’ loading segment of 20 increments each 
with a delay time of 0.1 s, a holding segment at peak load (10 s) 
and an unloading segment of 20 increments. The UMIS-2000 
software was used to calculate the nanohardness as a function of 
penetration depth of each indentation. That is, nanohardness (H) 
was determined from analysis of a polynomial fit to the upper 
70% of the unloading component of the force displacement curve 
via determination of the plastic penetration depth at maximum 
load, h p . Thereby H = F max /A, where A is the area of contact which 
is related to h p via the calibration curve.
 Scanning Electron Microscopy 
 One section was etched with 38.5% phosphoric acid for 5 s, 
dried with compressed air and sputter coated with gold without 
additional drying and viewed with a scanning electron micro-
scope (SEM) in secondary electron emission mode (10 kV). Im-
ages at different magnifications were saved to computer disc. 
 Data Analysis 
 Means, standard deviations and coefficient of variation were 
calculated from nanohardnesses and mineral contents at every 
depth (10, 20, … 160   m). Both nanohardness and its square root 
(which corresponds to the indenter penetration depth) were plot-
ted against mineral content. Least-squares linear regressions were 
fitted to the data and the individual 95% prediction intervals were 
calculated. Statistical calculations were performed using SPSS 
11.0 for Mac software.
 Results 
 Mean mineral content and nanohardness profiles 
from all 16 specimens ( fig. 1 a) showed that nanohardness 
profiles represent the mineral-rich surface layer and le-
sion body in a similar way to TMR but with some signif-
icant differences. The shapes of the mean relative min-
eral content and mean relative nanohardness profiles (i.e. 
given as a percentage of the averaged sound values be-
tween 120 and 160   m specimen depth) did not differ 
from the profiles for the absolute data ( fig. 1 b). The mean 
coefficient of variation of nanohardness (36%) was high-
er than that of TMR (4%). The coefficient of variation of 
nanohardness was higher than that of TMR for every sin-
gle measurement point ( fig. 2 ). Mineral content was with-
in a range of 45–91 vol% and nanohardness within a 
range of 0.2–7.3 GPa.
 A scatter plot ( fig. 3 a) showed a non-linear relation-
ship between mineral content and nanohardness. The 
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 Fig. 1.  a Profiles of mineral content and nanohardness across the 
enamel lesion from the surface (0   m) to sound enamel (160   m). 
Means (n = 16) and standard deviations. The arrows refer to the 
relevant y-axes (black arrow: mineral content; grey arrow: nano-
hardness).  b Same as  a but in relative terms with mineral content 
and nanohardness as a percentage of sound enamel (100%) calcu-
lated from data at 120–160   m depth. 
 Fig. 2. Coefficients of variation of mineral content and nanohard-
ness. 
Fig. 3.  a Scatter plot of nanohardness against mineral content. 
Data points form a horizontal cluster around 45–70 vol% and a 
rather vertical cluster around 85–90 vol%.  b Same as  a but in rel-
ative terms with mineral content and nanohardness as a percent-
age of sound enamel (100%) calculated from data at 120–160   m 
depth.
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plot indicated 2 clusters: 1 at sound values (greater than 
ca. 85–90 vol% mineral) and 1 around values represent-
ing the lesion body (up to ca. 60 vol%). Relative mineral 
content and relative nanohardness also showed a non-
linear relationship ( fig. 3 b). The square root of nanohard-
ness (a measure of indentation depth) showed a moderate 
linear relationship (R 2 = 0.81) with mineral content 
( fig. 4 a). Using the relative data, the square root of nano-
hardness showed a slightly better fit with mineral content 
( fig. 4 b), but the scatter around the regression line was 
still high. 
 A SEM image of 1 section illustrates the artificial caries 
lesion and typical changes in prism orientation ( fig. 5 ).
 Discussion 
 The thickness of the enamel section has to be known 
for determination of the mineral content by microradi-
ography [Angmar et al., 1963]. Thickness measurement 
by mechanical means, e.g. by a micrometer gauge, has 
only limited accuracy. A micrometer gauge with pointed 
tips cannot be used because the enamel section may be 
damaged, which would lead to incorrect values. Using a 
flat-ended gauge results in measurement of the thickest 
part of the section and is also limited by the accuracy of 
the micrometer gauge itself. Another approach would be 
to measure the edge thickness of the sections under a mi-
croscope using a cross-hair ocular, but this method is 
rather subjective, less precise and reflects the thickness of 
the edge rather than of the whole section. Therefore, it 
was decided to calculate the thickness of the sections 
from the film grey values, corresponding to the alumin-
ium thickness averaged from within a sound area of the 
enamel. Following this procedure, the mineral content 
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 Fig. 4.  a Scatter plot of the square root of nanohardness against mineral content. Solid line = Least-squares lin-
ear regression; dashed lines = 95% prediction interval boundaries.  b Same as  a but in relative terms with min-
eral content and nanohardness as a percentage of sound enamel (100%) calculated from data at 120–
160   m depth. 
 Fig. 5. SEM image of a bovine enamel section with an artificial 
caries lesion. The white arrows indicate the specimen surface, the 
black arrows the boundary of the lesion. R = Resin (embedding 
material); G = gap (artefact); CE = carious enamel (caries lesion); 
SE = sound enamel; P = prisms cut almost perpendicularly; L = 
prisms cut almost longitudinally. 
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data were normalized to sound mineral content of hu-
man enamel (87 vol%), a value that was determined by 
chemical means [Angmar et al., 1963; de Josselin de Jong 
et al., 1987]. The mineral content of sound bovine enam-
el was assumed to be the same as for sound human enam-
el because it has been shown that the mineral contents of 
bovine and human enamel are not significantly different 
[Edmunds et al., 1988]. The method used is simple and 
fast, but an error may be introduced, since the real min-
eral content of a specific section may be slightly higher or 
lower than 87 vol%. It can be assumed that this error is 
within the same range as the error introduced by me-
chanical determination of the section thickness. While 
smaller differences between the true mineral content of 
sound enamel and the mineral content value used would 
not allow this method for the determination of absolute 
mineral content values of sound enamel, it is suitable for 
analyzing specimens with demineralized enamel because 
changes of mineral content of enamel with caries-like le-
sions are  1 1 order of magnitude higher.
 In order to calculate mineral content from film trans-
mission, the mineral density was assumed to be the same 
as that of hydroxyapatite: 3.15 kg/l [Angmar et al., 1963]. 
Other sources report the mineral density of human 
enamel to be 3.0 kg/l [Elliott, 1997]. Use of the latter den-
sity would result in mineral content values being 5% 
higher. However, normalizing the mineral content data 
to a sound mineral content of 87 vol%, as was done in this 
study, eliminates an error made by using a mineral den-
sity value that is smaller or higher than the actual min-
eral density.
 The mineral content of enamel decreases from the out-
er surface towards the inner surface (next to the dentine) 
[Angmar et al., 1963; Wilson and Beynon, 1989]. These 
differences may be significant if enamel close to the out-
er surface is compared to enamel close to the dentine. In 
the present study, however, the outer 200   m were re-
moved during specimen preparation and the measure-
ments made were restricted to within 160   m of this new-
ly created surface. The data from the publications men-
tioned suggest that within this area a change of mineral 
content should be small. This is also confirmed in  fig-
ure 1 , where the microradiographic data points beyond 
100   m are on the same level. Additionally, this indicates 
that the cut and polished sections used in this study had 
a rather uniform thickness.
 Studies to date have reported a wide range of nano-
hardness values for sound enamel. The nanohardness of 
sound bovine enamel (our study) was slightly higher than 
reported for primary enamel (4.88  8 0.35 GPa) [Ma-
honey et al., 2000] and human molar enamel (4.75  8 0.14 
GPa) [Barbour et al., 2003]. However, recently values even 
higher than ours, mostly between 6 and 7 GPa, were re-
ported for human molar enamel [Braly et al., 2007]. All 
these studies used human enamel, while we used bovine 
enamel, which tends to be softer than human enamel 
[Reeh et al., 1995]. Using nanoindentation, human dental 
enamel was found to be highly inhomogeneous with 
harder zones at the outer enamel layers than at the inner 
layers [Cuy et al., 2002], which may contribute to the dif-
ferences in nanohardness values reported in different 
studies. Also, it is known that the properties of enamel 
are very dependent on local prism orientation and min-
eral content [Spears, 1997]. In addition a more than 2-fold 
hardness difference was found between the core and the 
surrounding protein-rich sheath area of enamel prisms 
[Ge et al., 2005]. The human enamel prism diameter 
(around 5   m) [Maj, 1947] and the width of the interpris-
matic region (1–3   m) [Scott and Wyckoff, 1946] are in 
the order of magnitude of the width of the impression of 
the Berkovich indenter (the impression diameter in this 
study was in the order of 7–3   m, the probing depth was 
1–0.4   m). Bovine enamel is known to have thicker crys-
tallites [Arends and Jongebloed, 1978], but exact data on 
the prism diameter and the interprismatic region have 
not been published. In SEM images of specimens of this 
study we found that the prism diameter of bovine enam-
el is in the order of 3   m, and interprismatic enamel re-
gions are around 1   m wide.
 A difference between human and bovine enamel is the 
pattern in which the prisms are packed together, with bo-
vine enamel prisms being arranged in pattern 2 struc-
ture, meaning the prisms are orientated parallel to each 
other in rows with interrow sheets of crystals which are 
wider than the regions between the prisms within the 
rows [Boyde, 1965]. The largest proportion of human 
enamel consists of pattern 3 prism structure, where the 
prisms are arranged in a more alternating pattern, in a 
‘horseshoe’ or ‘keyhole’ pattern, where each prism ex-
tends between 2 other prisms when looked at perpendic-
ularly to the prism long axis. The bovine enamel used was 
cut along the long axis of the tooth and, as in human 
enamel, because of the bending and twisting of the enam-
el prisms on their way from the dentine-enamel junction 
towards the outer enamel surface [Radlanski et al., 2001], 
prism orientation varied on the polished surface of the 
enamel sections. Prisms were cut from almost perpen-
dicular to rather longitudinal ( fig. 5 ). Differences in 
enamel microstructure may influence nanohardness 
measurements in absolute terms. For a comparison of 
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nanohardness with mineral content applied to deminer-
alized specimens, however, the distribution of the data 
may be more relevant than absolute hardness values.
 The variability of nanohardness was high compared to 
the mineral content data, which may be partly attributed 
to the different volumes that were ‘probed’. It is conceiv-
able that the small volume probed by the nanoindenter 
(see above) picked up local differences more easily than 
the X-ray attenuation, which is averaged through a rela-
tively thick layer of enamel (85   m). Another reason for 
the variability, particularly within the lesion itself, of 
both nanohardness and mineral content, may be that 
means and standard deviations were calculated from the 
impressions made in 16 different samples. Although all 
samples were treated the same way, there are slight dif-
ferences in mineral content and hardness distribution 
within the specimen at every given distance from the out-
er surface. Since all measurements were performed at the 
same distances from the outer surface in all specimens, 
variability between the specimens will be reflected in a 
higher coefficient of variation of both TMR and hardness 
data.
 A close relationship between microhardness (Knoop) 
and mineral content determined by TMR has been re-
ported with R 2 values of 0.84 and 0.92 between the square 
root of hardness and mineral content [Featherstone et al., 
1983; Kielbassa et al., 1999]. The present study compared 
mineral content determined by TMR with nanohardness. 
Although there is a difference in load, impression area 
and impression depth, the same physical principles apply 
for micro- and nano-hardness determination. Hardness 
data are a measure for the projected impression area of an 
indenter at a given load. Consequently, the square root of 
hardness corresponds to indenter penetration depth, 
which shows better, but still not good, correlation with 
mineral content. A linear least-squares fit ( fig. 4 ) in our 
opinion does not represent the true relationship between 
mineral content and hardness. Two rather independent 
data clusters, in the low and highly mineralized (sound) 
areas seem to differ in their correlation between mineral 
content and nanohardness. The lower mineralized clus-
ter showed a smaller slope than the higher mineralized 
cluster. Microhardness data show the same tendency 
[Featherstone et al., 1983; Kielbassa et al., 1999].
 The lower border of the 95% prediction interval has an 
X intercept (0 GPa) at 45 vol% ( fig. 4 a). Therefore, deter-
mination of nanohardness has limited reliability in 
enamel with a mineral content  ! 45 vol%, making lesion 
assessment with nanohardness questionable in severely 
demineralized enamel lesions.
 It has become increasingly popular to calculate min-
eral content from microhardness profiles, e.g. by formu-
las based on the assumption of a linear correlation be-
tween square root of microhardness and mineral content 
given in previous papers [Featherstone et al., 1983; Kiel-
bassa et al., 1999]. However, the clear difference between 
the formulas given in these studies already suggests 
 caution, as does the more likely non-linear relationship 
between the square root of microhardness and mineral 
content and data scatter around 2 clusters. Based on the 
present results, calculating mineral content from nano-
hardness cannot be recommended either. Finding a cor-
relation between nanohardness and mineral content is 
not a mathematical problem. A fit with a correlation co-
efficient in the order of 0.9 may be found by splitting the 
data into 2 halves of lower and higher mineral content. 
Still, it is the data scatter that makes using, for instance, 
linear regression to calculate mineral content from hard-
ness data unreliable. Converting nanohardness values 
into mineral content always introduces an additional er-
ror to the data and does not add new information.
 The cross-sectional properties of caries lesions can be 
described, among others, in terms of 2 different proper-
ties – the mechanical properties (hardness) and the min-
eral content. Based on the results of this and the papers 
mentioned, it is not recommended to calculate mineral 
content from micro- or nano-hardness profiles. If it is 
important to report mineral content data, microradiog-
raphy is the method of choice. However, depth profiling 
of caries lesions using micro- or nano-hardness provides 
useful information on mechanical properties and struc-
tural integrity that, in turn, cannot be determined by 
mineral content. 
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